sponse of CRS to suboccipital decompression and duraplasty (SODD). 3, 5, 6, 8, 18, 33, 35 The aim of the current study was to investigate the long-term behavior of CRS in a cohort of patients who underwent SODD in order to determine whether there are clinical and radiographic factors that are predictive of need for late thoracolumbar fusion.
Methods

Patient Population
A single-center retrospective review of all cases involving patients with CRS treated from October 1, 1996 , to June 30, 2009 , was undertaken at Primary Children's Hospital/University of Utah. Institutional review board approval with waiver of consent was obtained. Standing scoliosis radiographs were obtained to provide a baseline Cobb angle for each patient. Specific inclusion criteria were diagnosis of CM-I (tonsillar herniation > 5 mm) or CM-1.5 (tonsillar herniation > 5 mm and evidence of caudal descent of the brainstem), 32 age < 18 years at the time of diagnosis, history of surgically managed CM, and the presence of CRS (coronal angle of primary curve > 10º). Exclusion criteria were other CM types (CM-II, CM-III, or CM-IV), segmentation and formation anomalies of the vertebral column, and lack of long-term follow-up data.
Data Collection
Radiographic information was collected by 2 physicians-a pediatric neurosurgery fellow (craniocervical parameters) and a pediatric orthopedic fellow (thoracolumbar measurements)-and verified by the senior author (D.L.B.). The radiographic data included initial Cobb angles of the thoracolumbar curve, the pBC2 (a line perpendicular to the line between the basion and the posteroinferior aspect of the C-2 body on a sagittal MR image), 12 the clival-axial angle (CXA; measured as the angle subtended by a line drawn along the dorsal surface of the clivus and a second line drawn along the dorsal surface of the odontoid process on a sagittal CT reconstruction or sagittal MR image), presence of syrinx (both holocord and number of levels affected), and directionality of the curve. Clinical characteristics included age at initial SODD operation, length of follow-up, and the presence of syndromic or chromosomal abnormalities.
Surgical Interventions
Surgical interventions included SODD and scoliotic deformity correction. The decision to offer thoracolumbar deformity correction with posterior spinal fusion was based on evaluation by a senior pediatric orthopedic surgeon with a practice primarily composed of deformity correction. The criteria were those accepted in the literature, including progressive deformity, sitting balance, worsening pulmonary function, and increased symptoms from curvature (painful deformity and difficulty caring for the child). Indications for surgical correction included scoliosis that exceeded 45º-50º in children 10 years of age or older or significant deterioration in the child's functionality. 14, 19, 21 Given the retrospective nature of the current study and primary outcome of requiring deformity correction, surgical techniques and instrumentation type for correction were not analyzed.
Statistical Analysis
The data were descriptively reported as means with standard deviations for continuous data and as counts with percentages for categorical data. We analyzed demographic, clinical, and radiographic variables related to CM to elucidate risk factors for progressive scoliosis requiring deformity correction with posterior spinal fusion. An independent t-test was performed on all continuous variables to detect differences between groups. Continuous measurements were converted to ordinal variables (CXA greater than or less than 130º and pBC2 greater than or less than 9 mm) to analyze and interpret the data in a more clinically relevant manner.
Univariate analysis was performed to identify unadjusted risk factors for fusion using the chi-square test for categorical variables and independent t-test for continuous variables. Subsequently, multivariate logistic regression was performed including all clinically relevant variables and those with a value of p < 0.20 on univariate analysis. Statistical significance was set at p < 0.05. A Kaplan-Meier survival curve was generated to compare a CXA cutoff and time to fusion using the log-rank test.
Results
Patient Cohorts
A total of 28 patients were identified with CM-related scoliosis, of whom 4 were lost to follow-up. Of the remaining 24 patients, 1 patient had fusion surgery within a year of the SODD. Thus, 23 cases were available for long-term analysis: 12 patients did not undergo spinal fusion, and 11 patients required fusion surgery at an average of 88.3 ± 15.4 months (range 8-202 months) after SODD surgery (Table 1) . Seven patients (30%) required spinal fusion more than 5 years after SODD. Fifteen patients (65%) had CM-1.5: 7 in the fusion group and 8 in the no-fusion group (p = 0.88). The patients' mean age at initial SODD surgery was 97.3 ± 55.3 months (91.6 months in the fusion group vs 102.5 months in the nofusion group, p = 0.65). The mean duration of follow-up was 63.2 ± 55.6 months. The length of follow-up did differ between the 2 groups (mean 88.3 ± 15.4 months in the fusion group vs 40.3 ± 14.7 months in the no-fusion group, p = 0.035).
Univariate Analysis
We evaluated clinical and radiological factors with univariate analysis to determine whether they were associated with a need for late fusion (Table 1) . Female sex was not significantly associated with delayed thoracolumbar fusion (p = 0.21). Tonsillar descent (p = 0.66), mean pBC2 (p = 0.11), number of syrinx levels (p = 0.43), holocord syrinx (p = 0.53), and atypical curve (p = 0.89) were not associated with progression. A pBC2 > 9 mm (p = 0.06) and a greater initial Cobb angle (p = 0.035) were associated with CRS progression. CXA was also associated with CRS progression (mean 139º ± 3.6º; 131.5º ± 4.8º in the fusion group vs 146.5º ± 4.6º in the no-fusion group, p = 0.034). Seventeen patients had a CXA > 130º (10 in the fusion group vs 7 in the no-fusion group, p = 0.28). The mean time to the fusion procedure was 88.3 ± 15.4 months (range 10-202 months); patients with a CXA > 130º had longer time to fusion than those with a CXA < 130º (p = 0.46).
Multivariate Analysis
Multivariate analysis with chi-square analysis using clinically relevant and statistically significant variables from the univariate analysis (Table 2 ) demonstrated that lower CXA was independently associated with delayed thoracolumbar fusion (OR 1.12, p = 0.0128).
Discussion
This investigation demonstrates the long-term outcome and natural history of CRS after SODD. We found that delayed late curve progression occurred in 30% of patients at more than 5 years after SODD. Factors associated with CRS progression include an initial pBC2 > 9 mm, lower CXA, and greater Cobb angle. Lower CXA was an independent predictor of delayed thoracolumbar fusion. This is the first report of CM-related measurements as factors associated with delayed deformity correction for thoracolumbar scoliosis.
Dauser et al. 7 was the first to describe the association between CM and scoliosis. Previous reports on CRS and the need for deformity correction have focused on characteristics of the thoracolumbar curvature. Although the Cobb angle of the scoliotic curve is of obvious importance, we have shown that CM-related measurements may influence the development of delayed deformity requiring correction and, at the very least, warrant further investigation. For patients with CM-I, previous reports have suggested that patients with scoliotic curvature between 30º and 40º go on to require spinal fusion following suboccipital decompression. 3, 5, 6, 8, 18, 33, 35 With regard to CM-related measurements, in a series of 101 patients who underwent SODD, 19 of whom underwent occipital-cervical fusion, Bollo et al. 4 demonstrated that patients with basilar invagination, CM-1.5, and CXA < 125º were at increased risk of requiring occipitocervical fusion; this study was an initial description of the importance of the CXA in evaluating alignment in patients with CM. In the present investigation, an association with lower CXA and the need for delayed thoracolumbar fusion was found. Further attention to the skull base-spine relationship in patients with CRS could be important in determining the natural history of curve progression and would enable counseling of families on the risk of the need for deformity correction in the future.
Multiple thresholds for curve progression have been previously reported. Tubbs et al. 33 reviewed 16 cases and found that decompression alone did not resolve curvature > 40º. In a similar fashion, Ghanem et al. 11 found that all patients who presented with a curve ≥ 40º required fusion. Zhu et al. 35 found a 44.5º threshold that was specific for curve progression. In addition to measuring the Cobb angle, we focused on the need for deformity correction and spinal fusion as the primary outcome. Given the wide ar- 20 found that fusion after posterior fossa decompression surgery was a reflection of curve severity and that patients with curves > 35º and patients 10 years of age or older were at greater risk for requiring fusion/correction surgery; their study only included patients with CM-I and excluded CM-1.5 patients. Age as a risk factor has previously been reported. Sengupta et al., 27 Brockmeyer et al., 5 and Flynn et al. 10 reported that early presentation (age < 10 years) was associated with 71%, 91%, and 70% avoidance rates of fusion, respectively. Similar to the results of Navarro et al., 23 however, the results of our present investigation showed no statistically significant association with age at decompression (overall mean 97.3 ± 55.3 months [~ 8 years]; 91.6 months in the fusion group vs 102.5 months in the no-fusion group, p = 0.65).
Although there have been previous studies on Chiari decompression and the effect on the scoliotic curve, to our knowledge this is the first report of long-term follow-up of CRS with CM-specific risk factors (i.e., pBC2 and CXA) as they relate to global spinal alignment. On multivariate modeling, we found the lower CXA to be a predictor of a need for delayed deformity correction (OR 1.12, p = 0.0128). The scoliosis severity (Cobb angle) did not uniformly improve in patients who underwent SODD and did not undergo delayed thoracolumbar fusion: of the 12 patients who did not go on to require fusion, 3 had worsened Cobb angles after SODD, 4 had improved Cobb angles, and 5 had no imaging studies available for evaluation. This is in contrast to the results of Muhonen et al., 22 which demonstrated that scoliosis after decompression resolved in all children under age 10 years in their series even though this included curves that exceeded 40º.
We found no association between the presence of syrinx or the number of levels affected by it and the severity of CM (CM-I vs CM-1.5); however, given the small sample size, we do not recommend discounting these factors as potential contributors to scoliosis curve progression over time. The strength of the current investigation lies in the length of follow-up for both groups (mean 5 years), specifically in the delayed thoracolumbar fusion cohort; this highlights the importance of long-term clinical follow-up and the need for radiographic surveillance over time, especially in patients with lower CXA. Global spinal alignment, specifically how cervical alignment is impacted by thoracolumbar regional alignment, has recently become a topic of interest in the adult deformity literature. 28 The pediatric craniocervical junction (CCJ) is a complex network of bony elements (occiput, atlas [C-1], axis [C-2]), ligamentous structures, and soft tissue and muscle development. 26 We postulate that the regional alignment of the CCJ is intimately involved with regional alignment of the thoracolumbar spine. Thus, abnormalities of the CCJ may correlate with thoracolumbar curve progress, which may be a result of compensatory mechanisms to reestablish global alignment. We believe the findings of this study contribute to this notion and require further attention in the field of pediatric spinal deformity.
Limitations
There are limitations to this study, including its retrospective nature, the variable time intervals to follow-up, and the relatively small sample size. The limitations of small sample size are reflected in the statistical analysis, which may be underpowered to detect meaningful differences and limit the conclusions that can be drawn. For example, the between-groups difference in initial Cobb angle was significant on univariate analysis (p = 0.035) but not on multivariate modeling (p = 0.06). Furthermore, although efforts were undertaken to verify the accuracy of all measurements, lack of standardization could introduce some element of measurement bias.
Given these findings, we believe that further study is needed on a larger cohort of prospectively collected patients for verification. The findings suggest, for the first time, that craniocervical parameters and initial Cobb angle are important factors in the natural history of CRS and mandate that close long-term follow-up is necessary in all patients with this disorder. With this information, we suggest that patients with CM and scoliosis have extended follow-up out to 5 years or even longer and should have long-cassette standing scoliosis radiographs to monitor progression. In addition, more attention should be paid to the preoperative measures, specifically CXA and pBC2.
Conclusions
The long-term behavior of scoliotic curves is relatively poor in patients who have undergone SODD for treatment of CRS, with fusion surgery subsequently required in nearly half of patients and late curve progression occurring in 30% of patients. Factors associated with CRS progression include an initial pBC2 > 9 mm, lower CXA, and higher Cobb angle. Lower CXA was an independent predictor of a need for delayed thoracolumbar fusion in this study. These parameters warrant attention when assessing children with CRS, although further study on a larger cohort of patients is needed to fully elucidate these findings.
